The optical coherence tomography is an optical measurement technique used for investigation of wide range of scattering or semitransparent materials. The optical coherence tomography enables surface and subsurface examination of different types of materials to be performed in non-contact and non-destructive way. Our research have been concentrated on optical coherence tomography systems with polarization sensitive analysis. Such a combination of optical measurements methods improves optical coherence tomography visualization contrast and also delivers some extra information about investigated devices. However, applying polarization sensitive analysis is associated with problems related to the use of ultra broadband optical sources. We have managed studies on the improvement of signal processing method. According to obtained results the problem of signal processing method in polarization sensitive optical coherence tomography can be solved by the use of the spectroscopic analysis. In this paper we present a brief discussion about the polarization sensitive optical coherence tomography measurements supported by spectroscopic analysis of backscattered light from investigated device.
Introduction
Non-invasive measurement methods are a versatile tool employed in materials science, manufacturing process control, and quality control. Moreover, they can be used for real-time monitoring of a broad range of devices. Our research has been concentrated on optical coherence tomography (OCT) for technical materials examination. OCT is a unique technique of cross-sectional and three--dimensional visualization of inner structure of different types of materials and devices. This method enables in situ investigation in non-contact and non-destructive way. Using OCT one can analyze the depth structure of investigated materials with measurement resolution of a few µm, high sensitivity and high dynamic range [1, 2] . Nowadays, the advantages of OCT make it applied in medical diagnosis, especially in ophthalmology, dermatology, stomatology, endoscopy [3, 4] and also in industry and science. Apart from medical applications, the OCT is used for material characterization, surface and subsurface defect detection, strain fields mapping in polymers, ceramic materials examination [5] [6] [7] [8] , as well as art conservation [9] .
The OCT is based on the interference of the light beams, which have a short temporal coherence (white light interferometry (WLI) or low-coherence interferom- * corresponding author; e-mail:
marcin.strakowski@eti.pg.gda.pl etry (LCI)). Thereby the light backscattered from the particular scattering points inside the investigated object can be selectively detected, which is needed for tomography imaging [1, 2, [10] [11] [12] [13] [14] [15] [16] . There are several types of OCT systems [7, 11] . The main classification of OCT systems is performed due to the measurement signal processing.
Till now there are three generations of OCT systems, which show the progress in this branch. The first one is the time domain OCT (TD-OCT). The measurement signal is processing in time domain, therefore, the TD--OCT systems need some mechanical parts for tuning the main interferometer. This causes low imaging frame rate increasing measurement time. The next generation belongs to spectral domain OCT (SD-OCT) systems. The interference signal is recorded by optical spectrometer. Usually the detection system is made of optical diffraction grating and an array of detectors. The signal processing is performed in frequency domain, which brings all information about scattering points placed on light beam direction inside tested device. The SD-OCT does not need any mechanical parts, which has to be used in TD-OCT. Therefore the SD-OCT systems are very fast and enable materials structure visualization in real time. The last generation of OCT is swept source OCT systems (SS-OCT). The measurement signal processing is performed in frequency domain, however, the ultrafast tunable laser and single detector have been used instead of broadband light source and the matrix of detectors, respectively. Relating to the SD-OCT, it increases imaging frame rate, signal to noise ratio and also measurement (785) dynamic level.
Besides of conventional OCT systems, which deliver only information about inner structure of tested device, there are also OCT systems with additional functionality. The main extensions make the OCT Doppler analysis possible (D-OCT) [3] or polarization sensitive (PS-OCT) [2, 5, 6, 8] .
Our research interests have been concentrated on OCT with polarization sensitive analysis (PS-OCT). PS-OCT is an extension of OCT which delivers extra information about optical anisotropy changes inside the structure, making it a useful tool for inspection and characterization of a broad range of materials [2, 7, 11] . Polarization sensitive analysis provides unique benefits to OCT measurements, which allow studying phenomena occurring in tested device that cannot be investigated by conventional OCT methods [7] . However, currently available PS-OCT systems have significant measurement limitations associated with using ultra-broadband light sources and birefringent principles of the investigated devices. These problems have been described in the following sections, as well as PS-OCT features.
Polarization measurements problems in OCT systems
Contrary to conventional OCT systems, PS-OCT needs stable polarization state of the light guided through the low-coherence interferometer to be controlled precisely. For polarization sensitive analysis the polarization diversity detection must be applied. An example of the PS-OCT has been presented in Fig. 1 . The PS-OCT system, presented in Fig. 1 , is based on low-coherent interferometer in the Michelson configuration. The interferometer is illuminated by a broadband light source. The light beam from the source is vertically polarized by linear polarizer (P) and directed to the measurement and the reference arms of the interferometer by the beamsplitter (NPBS). The polarization state of light propagating in measurement arm is forced to circular state and, then, the beam is focused inside the structure of the tested device. The light backscattered from measurement arm and backreflected from reference arm are recombined and subsequently divide into two components having orthogonal polarization states. One of the interference signals, which has a linear horizontal polarization state, is recorded by the detector 1 (H) and the other one is recorded by detector 2 (V). Polarization sensitive analysis is based on the relationship of the amplitudes and phases of the recorded signals. As the results, the depth profile of the retardation angle and the optical axis orientation of the device are obtained. These characteristics depict local changes of the device birefringence. The calculations have been described by Eqs. (1) and (2):
where Γ (z) -depth (z) profile of the retardation angle changes inside tested device, Θ(z) -depth profile of the optical axis orientation of the device, I H (z) and I V (z) -recorded interference signals at detector 1 and detector 2, respectively, ∆ϕ(z) -phase difference between recorded interference signals [1, [5] [6] [7] 11] . According to the Jones formalism the Γ (z) and Θ(z) describe the birefringence of the device completely. However, its polarization properties are determined for central wavelength of the broadband light source, which may cause a significant measurement error. Our studies on ultrahigh resolution PS-OCT systems show the relationship between the measurement accuracy of the polarization parameters and the spectral width of the light source. During our research we had made a numerical model of the PS-OCT system, which allowed us to investigate this problem. The obtained results permit us to conclude that if the broadband light source does not fulfill the relation
where λ 0 -central wavelength and ∆λ -spectral width of the light source, the influence of the light spectral width on measurement accuracy of the polarization parameters cannot be neglected [12] . Summarized results of the simulations have been presented in Fig. 2 . The chart in Fig. 2 shows the simulation results as a relationship between uncertainty of measurement polarization quantity and the retardation angle difference ∆Γ . The ∆Γ is calculated as the difference between extreme wavelengths of the spectral width of the light source. From the simulation results the measurement error of the Θ(z) and ∆Γ (z) characteristics may reach about 20% of maximum quantity value. The problem becomes very significant if the ultra-broadband source like supercontinuum is used. Therefore, the new method of measurement signal processing should be developed for ultrahigh resolution PS OCT systems. From our research and studies we propose novel application of spectroscopic analysis based on the Fourier transform principles. This is new Fig. 2 . Simulation results of the PS-OCT measurement error. ∆Γ -retardation angle difference over the spectral width of the light source, µ ε -uncertainty related to maximum value of measured quantity.
approach in PS-OCT, which enables the polarization sensitive analysis to be performed over the spectral range of the broadband light source.
Spectroscopic analysis for PS-OCT
Spectroscopic analysis for PS-OCT delivers the polarization quantities, which are determined on the basis of the spectral characteristic of the light, which is backscattered from the particular points inside investigated device. One of the most important problems, which must be solved, is the selective reconstruction of the spectral characteristics from recorded interference signals. Consider the equation
which describes the OCT measurement signal in spectral domain. The S Rn (k) is the cross-spectral density of the interfering beams. It depends on the spectral characteristics of the light from the measurement and reference arm of the low-coherent interferometer. By the use of the Fourier transform (FT) it is possible to transfer the S D (k) function to time domain, which has been shown as the relation (5):
where G Rn (z) -cross-correlation function of the light from reference arm and backscattered from particular n point inside the investigated sample, z R − z n determines the optical delay between interfering beams. The cross correlation function G Rn (z) and cross spectral density S Rn (k) are related to each other by the pair of the Fourier transforms. Therefore, if the G Rn (z) function can be obtained, the S Rn (k) will be determined. According to (5), the G Rn (z) function is separated in time domain, which facilitates its extraction from I D (z) characteristic. Based on the described relations the measurement signal procedure can be developed in order to obtain the complex spectral characteristic of the backscattered light [13] [14] [15] . An example of the signal processing, which has been described in detail in [13, 14] , has been shown in Fig. 3 . Fig. 3 . Signal processing in OCT with spectroscopic analysis.
The final result of the presented procedure (Fig. 3 ) is the complex function S n (k). The S n (k) is the spectral density of light, which is backscattered from particular n point inside the investigated device. Applying this method to PS-OCT the S n (k) functions can be determined for both orthogonal polarization states of the interference signal. This enables to provide a polarization sensitive analysis over the spectral range of the broadband light source. This method has been applied to our numerical model and the simulations have been carried out. The simulations results allow us to assess the usefulness of the method and compare it to the conventional approach. The simulation results for conventional PS--OCT and PS-OCT with spectroscopic analysis (PS-SC--OCT) have been summarized in the graph in Fig. 4 . The plot in Fig. 4 presents the simulation of measurement uncertainty as a function of the retardation angle difference over the light source spectrum. Applying the spectroscopic analysis reduced the measurement uncertainty to value under 10%.
Conclusions
During our research and studies we have investigated a new application of spectroscopic analysis for PS-OCT. According to obtained results this method can improve the polarization sensitive analysis by reducing the measurement error. Concluding, the spectroscopic analysis can be a useful method in polarization sensitive optical coherence tomography. It brings a unique benefits to PS-OCT measurement delivering full spectral information about backscattered light from the particular points inside the tested device. It enables an investigation of optical anisotropy changes occurring inside the device in the range of broadband light source spectrum. Moreover, combination of PS-OCT and spectroscopic analysis enables to conduct optical anisotropy and spectroscopic measurements simultaneously. Therefore, the polarization sensitive optical coherence tomography with spectroscopic analysis can be interesting tool for the investigation and quality assessment of the complex objects like printed electronics parts or polymer composites materials.
